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Recombinant RNA-dependent RNA polymerases have been reported to synthesize RNAs by extending from the 39 hydroxyl
of a template or an oligonucleotide primer. De novo initiation has not been reported. Establishment of such an assay would
facilitate the analysis of the initiation requirements and allow the testing of antiviral compounds specifically targeting
initiation. Using chemically synthesized RNAs and DNAs, we demonstrate that the recombinant RNA-dependent RNA
polymerase (NS5B) of bovine viral diarrhea virus initiates de novo RNA synthesis. Nucleotides required for efficient initiation
of RNA synthesis and for stable interaction with NS5B were identified. © 1999 Academic Presso
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(Positive strand RNA viruses in the Flaviviridae family
nclude human and animal pathogens such as flavivirus
epatitis C virus (HCV) and the pestivirus bovine viral
iarrhea virus (BVDV) (1). After entry, the viral RNA directs
he translation of a polyprotein that is proteolytically
rocessed to produce individual structural and nonstruc-
ural proteins (2, 3). At the C-terminus of the polyprotein
s the nonstructural protein 5B (NS5B), an RNA-depen-
ent RNA polymerase that is a key subunit of the viral
NA replicase complex. Recombinant NS5B of HCV and
VDV has been previously reported to be able to catalyze
ucleotidyl transfer by extending from the 39 hydroxyl of
template, an RNA or a DNA primer (4–6). The ability of
ecombinant NS5B to initiate RNA synthesis by a primer-
ndependent mechanism has not been previously re-
orted. However, de novo initiation of RNA synthesis is
ikely to be the mode of initiation in an infected cell. In
his report, we demonstrate that the BVDV RdRp can
referentially initiate RNA synthesis by a de novo mech-
nism from short templates containing the signals for the
nitiation of genomic positive strand synthesis. We also
haracterize the requirements for the interaction be-
ween RdRp and the initiation site.
e novo initiation of RNA synthesis
The cis-acting sequences for the replication of flavivi-
uses and pestiviruses are not well understood, and few
1 To whom reprint requests should be addressed. Fax: (812) 855-
705.
2 Present address: Department of Antiviral Chemotherapy, Schering-
lough Research Institute, Kennilworth, NJ 07033.1f the mechanistic details of RNA synthesis have been
lucidated. Analysis of pestivirus RNA synthesis in vitro
as recently made possible by the synthesis of a recom-
inant BVDV NS5B tagged with six histidines at its C-
erminus (7). The baculovirus-expressed NS5B can be
urified by Ni-NTA affinity chromatography to a predom-
nant protein of the expected size of 75 kDa (Fig. 1A).
The prototype template used in this study was a chem-
cally synthesized RNA named (2)21g that corresponds
o the 21 nucleotides (nt) at the 39 end of the negative
trand BVDV genome. This template is suitable for stud-
es of the initiation of RNA synthesis because it contains
he sequence that must direct the initiation of genomic
ositive strand RNA synthesis. Aside from the specificity
or RdRp-initiation nt interaction, it is not the intention of
his study to examine the sequences required for the
pecific recognition of BVDV RNA promoters. We chose
he sequence for the initiation of genomic positive strand
NA because previous work on brome mosaic virus
enomic positive strand initiation revealed fewer tem-
late requirements than genomic negative strand syn-
hesis (K. Sivakumaran and C. C. Kao, submitted for
ublication). A guanylate was added to the 39 end of the
VDV 21-nt negative strand sequence for two reasons:
1) NS5B has been reported to have terminal transferase
ctivity (7). which may add one or more nt to the end of
he RNA in vivo, and (2) the brome mosaic virus RdRp
ust initiate RNA synthesis from the penultimate nt and
he lack of a nontemplated nt prevents synthesis (R. W.
iegel, L. Bellon, L. Beigelman, and C. C. Kao, submitted
or publication). To more easily discern de novo initiation
rom primer extension, the 39 terminal guanylate in
2)21g was modified to have a dideoxyribose (Fig. 1B).0042-6822/99 $30.00
Copyright © 1999 by Academic Press
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2 RAPID COMMUNICATIONhe lack of 29 and 39 hydroxyls rendered the template
ncapable of priming RNA synthesis.
In a reaction containing NS5B, (2)21g directed the
ynthesis of two prodominant products of 21 and 22 nt
s judged by comparison with RNAs of known lengths
Fig. 1C, lane 2, and data not shown). The 22-nt prod-
ct is likely due to the above-mentioned nontemplated
t addition. Change of the penultimate (the 11) cyti-
ylate to either a guanylate in template 11C/G or to an
ridylate in 11C/U drastically reduced RNA synthesis
Figs. 1B and 1C, lanes 3 and 4), suggesting that the
1 cytidylate is the initiation nt. The detrimental effect
f nt substitutions was specific to the 11 nt because
hanges of the 12 adenylate to a guanylate and a
ransversion of the 13 uridylate did not negatively
ffect RNA synthesis. However, the latter change did
esult in a slight alteration in the mobility and abun-
ance (a 3- to 5-fold increase) of the 21- and 22-nt
roducts (Fig. 1C, lanes 5 and 6). RNAs 12A/G and
3U/A also resulted in products of higher molecular
eight, possibly because of the polymerase stuttering
FIG. 1. De novo initiation of RNA synthesis by NS5B. (A) SDS–poly
ynthesis assays. Molecular weight standards (Sigma Chemical, St. Lo
he right. The arrow points to 250 and 400 ng of the 75-kDa purified N
xperiments in C and D. The names of the RNAs are on the left followe
o have 29 and 39 hydrogens, and r-g indicates that the 39 terminal gua
, was added to the BVDV genomic positive strand RNA sequence. Nu
C) Autoradiogram of a denaturing 20% polyacrylamide–urea gel demon
NAs used in the reaction are indicated above each lane. The position
ndicated to the right of the autoradiogram. F denotes a reaction perfo
he amount of RNAs produced by de novo versus elongative modes
oncentrations of a guanine nt RNA. (2)21g, containing a dideoxyribose
sed to demonstrate that the NS5B products are initiated from the 11
he autoradiogram.n the template or using the nascent RNA as template
or additional rounds of RNA synthesis (Fig. 1C, lanes
and 6). The lack of a ladder of bands leading up to
he more predominant higher molecular weight prod-
ct is more consistent with the hypothesis that these
re multimeric products generated from the nascent
NA. These results indicate that de novo initiation of
ositive strand BVDV RNA synthesis by the recombi-
ant NS5B protein can take place from an internal
nitiation nt.
We next determined the relative frequency of RNA
ynthesis by extensions from a 39 terminus or by a de
ovo mechanism. RNA r(2)21g was made to be identical
n sequence to (2)21g, except that the 39-most guanylate
ontained a ribose that could provide a 39 hydroxyl for
ucleotidyl extension. As a control, we synthesized
11C/G, in which the initiation cytidylate was changed to
guanylate. Template r(2)21g was found to direct the
ynthesis of RNA products indistinguishable in size from
hose produced by (2)21g (Fig. 1D, lanes 3–5). RNA
ynthesis from r(2)21g is dependent on the 11 cytidylate
ide gel containing recombinant NS5B preparations used in the RNA
O) are given in lane 1, with the mass of the polypeptides indicated on
lanes 2 and 3, respectively. (B) Schematic of the RNAs used in the
e relevant sequences. dd-g indicates that the guanylate was modified
contains a normal ribose. The 39 guanylate, indicated by a lowercase
es in bold are those changed from the wildtype BVDV RNA sequence.
that the RNA synthesized by NS5B is initiated from the 11 cytidylate.
e 21- and 14-nt molecular weight markers used in this experiment are
the absence of exogenous templates. (D) Autoradiogram quantifying
A synthesis. (E) Initiation of RNA synthesis by NS5B requires high
39-terminal guanylate, was used in lanes 1–4 and 6. RNA 11C/G was
te. Reactions supplemented with GDP, GMP, or GTP are noted aboveacrylam
uis, M
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3RAPID COMMUNICATIONecause r11C/G did not direct any product synthesis
Fig. 1D, lanes 6–8). Therefore, de novo initiation seems
o be the preferred mode of RNA synthesis in our system.
The use of the penultimate cytidylate indicates that
TP is required to initiate product synthesis. Previous
ork has established the need for higher concentrations
f GTP for the initiation nt by the BMV RdRp (8) and that
ower concentrations of GTP are sufficient for the steps
fter the initiation of RNA synthesis (6, 8). To determine
hether this is also true for the BVDV NS5B, the NTP mix
n the reaction was adjusted to contain only 2 mM GTP,
hereas the concentrations of other nt, including the
a-32P]CTP, were unchanged from previous reactions.
his lower level of GTP did not allow observable product
ynthesis (Fig. 1E, lanes 1 and 2). Consistent with this,
ttempts to use [g-32P]GTP as the sole GTP in a radio-
abeling experiment (present at 0.3 mM in these reac-
ions) also resulted in no observable product synthesis
C. C. Kao, data not shown). Reactions containing 2 mM
TP were then supplemented with 500 mM final concen-
ration of either GMP or GDP. RNAs of 21 and 22 nt were
hen easily observed (compare lanes 1–4). GMP also
esulted in a smaller molecular weight product of ,14 nt.
aken together, these results suggest that BVDV NS5B
equires higher concentrations of guanylate for initiation
han for elongation.
e novo initiation from DNA templates
RdRp has been reported to initiate RNA synthesis from
emplates containing deoxynucleotides (R. W. Siegel, L.
ellon, L. Beigelman, and C. C. Kao, submitted for pub-
ication) (9). We synthesized DNA d(2)21g to use in
eactions with the BVDV NS5B protein (Fig. 2A). In addi-
ion to the change of the 29-OH to a 29-deoxy, d(2)21g
ontains thymines in place of uridines, adding a C5-
ethyl group to the uridines. DNA d(2)21g was able to
FIG. 2. De novo initiation of RNA synthesis from DNA templates. The
ibose or deoxyribose forms of (2)21g used in the reactions are indi-
ated above the lanes of a 20% denaturing polyacrylamide gel. DNA
1C/G was used to demonstrate that all initiation from a DNA template
akes place from the 11 cytidylate. The position of the 21-nt product is
ndicated to the right.irect the synthesis of the 21- and 22-nt products (Fig. 2B,
anes 3 and 4). A change of the 11 cytidylate to a
uanylate in the DNA abolished synthesis (lanes 5 and
), indicating that initiation from d(2)21g takes place
rom the penultimate cytidylate. Furthermore, the amount
f RNA synthesized from d(2)21g) was similar to that
rom (2)21g, indicating that the lack of 29-OH in the
ibose and the addition of C5 methyl groups to uridines
id not impair NS5B–template interaction. One difference
etween synthesis from DNA and RNA templates is that
(2)21g produced slightly higher levels of truncated
roducts of 11–20 nt. These products are initiated cor-
ectly as judged by the lack of these products in a
emplate in which the 11 cytidylate was changed to a
uanylate (compare Fig. 2, lanes 4 and 5). The synthesis
rom a single-stranded DNA template thus is similar
verall but not identical to that from an RNA template.
urther similarities include the lack of an effect in re-
ponse to a change of the 12A to a guanylate in the DNA
ontext (C. C. Kao, data not shown).
emplate requirements for de novo initiation of RNA
ynthesis
Templates of minimal lengths were previously used to
dentify the nt required for interaction with the BMV RdRp
K. Sivakumaran and C. C. Kao, submitted for publica-
ion). To probe the identity of the nt and the relative
ositions required for initiation by NS5B, we synthesized
series of RNAs with changes focused on the 39 end.
espite de novo initiation seeming to be the predomi-
ant form of RNA synthesis (Fig. 1D), all of these RNAs
ere made with the 39-most nt containing a dideoxyri-
ose to eliminate the possibility of polymerase extension
rom the 39 end of the template. Removal of the 39-most
ontemplated nt in RNA (2)21 resulted in a template that
ave a 7-fold increase in the correctly initiated RNA
roducts in comparison to (2)21g, demonstrating that
nitiation can efficiently take place from the 39-most nt
Fig. 3, lane 2). However, there also is an increase in the
mount of truncated products, suggesting that some
ynthesis may be abortive. To ensure that initiation took
lace from the 39 end of the template, we tested RNA
2)2111C/G, which changes the 11 cytidylate to a guan-
late. Templates containing this change were unable to
irect RNA synthesis (Fig. 3, lane 4). Initiation of RNA
ynthesis by BVDV NS5B may prefer a cytidylate as the
9 nt, although a cytidylate at the penultimate position is
lso acceptable.
Does the initiation nt need to be positioned near the 39
nd? We tested RNAs containing two (139ag) or three
139aag) extra nt 39 of the initiation cytidylate (Fig. 3A).
NA 139ag directed ;5% of RNA synthesis compared
ith (2)21g (Fig. 3, lane 5). However, 139agg reduced
roduct synthesis to background levels (Fig. 3, lane 6).
he preference for the position of the initiation nt was
xamined from a template (named gCCC) that has three
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4 RAPID COMMUNICATIONytidylates positioned at the 11, 12, and 13 positions.
he change of the 12 and 13 nt to cytidylates would not
e expected to affect RNA synthesis because previous
hanges at these positions did not negatively affect RNA
ynthesis (Fig. 1C). The gCCC template was able to
irect the synthesis of an array of products $21 nt. To
istinguish the initiation nt used for these products, we
ested RNA 39gGCC, which changed the 11 cytidylate to
guanylate but retained cytidylates at the 12 and 13
ositions (Fig. 3A). This RNA directed decreased amount
f synthesis of all RNA products $21 nt (Fig. 3B, lane 8),
ndicating that all of the higher-molecular-weight prod-
cts are the result of initiation from the 11 cytidylate.
ue to its slight decrease in size in comparison to the
1-nt RNA, the lone remaining product of 20 nt is likely
ue to initiation of RNA synthesis from the 12 cytidylate.
FIG. 3. Template nt required for efficient RNA synthesis by NS5B. (A)
NAs used in the reactions. The names of the RNAs used are shown
o the left, followed by the relevant nt. 2 denotes that an nt was deleted.
ucleotides in lowercase bold letters are non-BVDV sequences added
o the 39 end of the template. Nucleotides in uppercase bold letters
ere changed from the wildtype BVDV sequence. (B) Autoradiogram of
20% denaturing polyacrylamide gel of the products made by NS5B
sing the template indicated above the lanes. F denotes a reaction
erformed in the absence of exogenous templates. All of the lanes
sed in the figure were from one experiment, but they were sectioned
o allow more coherent description of the results in the text. The
osition of the 21-nt product is denoted on the right.he putative 20-nt product may be made only when
S5B is unable to use the preferred initiation positions.
As a final check on the preference for initiation from
he 39 end of the RNA template, RNAs containing two or
hree consecutive copies of nt 11 to 13 (39 CAU 59) were
ested. These templates, named 2-init and 3-init (Fig. 3A),
ould potentially initiate synthesis at multiple positions.
s judged by the sizes of the RNAs synthesized, the
redominant initiation cytidylate used in both 2-init and
-init was the cytidylate proximal to the 39 terminus (Fig.
B, lanes 10 and 11). These results also indicate that
here is no detectable spatial requirement between the
nitiation site and sequences 59 of the initiation site.
hese data, taken collectively, suggest that the recogni-
ion of the initiation site requires a cytidylate present at
r near the 39 end of the template.
nteraction between NS5B and the initiation site
A template competition assay was used to evaluate
hether nt changes from (2)21g affect the ability to
nteract with NS5B. The amount of synthesis from 3-init
irecting the production of a 27-nt RNA in the absence
nd presence of various competitor RNAs was deter-
ined. All of the experiments were performed using
imiting amounts of NS5B. Competitors that are able to
nteract more strongly with RdRp will better reduce syn-
hesis from 3-init. The competitors used were chosen
rimarily because they are crippled in the ability to direct
NA synthesis. This feature reduces the possibility that a
ompetitor is reducing synthesis due to competition for
imited amounts of NTP in the polymerization reaction.
e note, however, that it is unlikely that NTPs are the
imiting factors in these reactions because the addition
f more polymerase increases the amount of synthesis
C. C. Kao, data not shown).
Competitor RNAs were all tested in triplicate and at
wo different concentrations, 5 and 20 pmol (i.e., at a ratio
f 1:1 and 4:1 of the competitor and 3-init RNA). The
mount of synthesis directed by 3-init in the absence of
ompetitors was set as 100% (Figs. 4A and 4B). RNA
2)21g at an equal molar ratio to 3-init was able to
educe synthesis from 3-init to ;36% (Fig. 4B). Change of
he initiation cytidylate to a guanylate resulted in a poor
ompetitor, allowing 84% of the synthesis of the 3-init
roduct observed in the absence of any competitor.
uite interestingly, a change of the initiation cytidylate to
uridylate (11C/U) resulted in a better competitor in
omparison to 11C/G, suggesting that NS5B was still
ble to bind to the RNA containing a uridylate at the 11
osition but was unable to efficiently direct RNA synthe-
is (Fig. 1C, lane 4).
Extensions to the 39 end of the template had a detri-
ental effect on the ability of the template to interact with
S5B. The addition of 2 nt 39 of the initiation cytidylate in
NA 39ag resulted in reduced interaction with NS5B,
hereas the addition of an extra 3 nt in 39aag further
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5RAPID COMMUNICATIONecreased the ability to compete with 3-init for recogni-
ion by NS5B (Figs. 4A and 4B). All of the trends observed
n competition assays with equal molar amounts of com-
etitor and 3-init were also observed in assays with
-molar excess of competitor.
Elucidation of the mechanism of flaviviral RNA syn-
hesis has potential benefits for the design and testing
f antiviral compounds. RdRp is also of interest in that
t is the only known class of template-dependent poly-
erases that can initiate RNA synthesis de novo from
he terminus of the template. Telomerase, which di-
ects DNA synthesis from the end of chromosomes,
ses an endogenous RNA to guide polymerization (10).
e used chemically synthesized RNAs to examine the
equirements for the initiation of genomic positive
trand RNA synthesis by recombinant NS5B. We found
hat a cytidylate positioned at or near the 39 end of the
NA or DNA was able to direct RNA synthesis. In the
nitiation of RNA synthesis, GTP, the first nt in the
ascent RNA, is needed in higher concentrations. This
TP can be replaced with GDP and GMP. In addition,
e identified that a pyrimidine in the 11 position of the
emplate contributes to the stable interaction with
S5B, perhaps through basepairing with a GTP (9).
nterestingly, only a 11 cytidylate can efficiently direct
FIG. 4. Template nt required for recognition by NS5B. (A) Autoradio-
ram of a denaturing polyacrylamide gel showing the results of a
ompetition experiment. The 27-nt product and the higher molecular
eight products are the products from template 3-init. The 21-nt prod-
ct, where present, was generated from the competitor RNAs, whose
dentity is indicated above the autoradiogram. All reactions shown
ere performed with 20 pmol of competitor in triplicate to allow quan-
ification. (B) Quantification of the amount of products synthesized from
NA 3-init in the absence or presence of competitor RNAs. (C) A model
ummarizing the key features in the interaction between NS5B and the
9 end of the template RNA.NA synthesis, whereas a 11 uridylate is acceptable
or NS5B interaction. A model summarizing our results
or NS5B-RNA interaction is presented in Fig. 4C.
The results in this work are in contrast to the previous
bservations of Lohmann et al. (5, 6) and De Francesco
t al. (4). We observed predominantly de novo initiation of
NA synthesis from either RNA or DNA templates,
hereas others have observed only RNA synthesis by
xtension from the 39 end of the template or from an
ligonucleotide (hereafter defined as elongative synthe-
is). Indeed, previous work using BVDV (7; C. C. Kao,
npublished data) demonstrated that the BVDV NS5B
rotein also can perform elongative RNA synthesis with
ertain templates. One or more of several possibilities
ay account for the different observations. First, all pre-
ious work used template RNAs that were significantly
onger than those in this work. Perhaps in a longer RNA,
econdary structures will either induce elongation by the
dRp or inhibit de novo initiation. It is possible that RNA
equences needed to induce the initiation of RNA syn-
hesis in vivo may be kept more accessible due to the
inding of viral proteins. The oligomerization of the po-
iovirus RdRp on the template RNA, a process that would
ffect RNA structure, has been previously observed (11).
econd, we observed a relatively strict positional prefer-
nce for the initiation nt (Fig. 3). The previous RNAs may
ot have an initiation nt at the appropriate position to
nduce de novo initiation. In the presence of a 33-nt RNA
hat lacked an initiation cytidylate at the 39 terminus, we
oticed that synthesis by BVDV NS5B was limited to the
longative mode of RNA synthesis (C. C. Kao, data not
hown). Third, the initiation of RNA synthesis from the
equences directing negative strand RNA synthesis
tudied by others may be different for the initiation of
ositive strand RNA synthesis in this study. Previous
ork on RNA synthesis by the BMV RdRp demonstrates
hat there are different requirements in the templates for
egative and positive strand synthesis (12).
Our results with recombinant BVDV NS5B can be com-
ared and contrasted with studies of the initiation of RNA
ynthesis by the BMV RdRp complex enriched from in-
ected plants. One similarity between the BMV RdRp
omplex and the recombinant NS5B protein is the re-
uirement for a template 11 cytidylate as the initiation nt
or RNA synthesis. Also in both systems, inefficient RNA
ynthesis was observed from a uridylate at the penulti-
ate position (Fig. 1C) (11). Furthermore, both RdRps
equire a higher GTP concentration during the initiation
f RNA synthesis than they do for elongation and both
re inhibited by additional sequences present 39 to the
nitiation cytidylate (11) (Fig. 1E).
Several other requirements for initiation are differ-
nt between the BMV RdRp and the recombinant BVDV
S5B. For the BMV RdRp, initiation of RNA synthesis
ust take place from the penultimate nt; removal of
he 39-most nt abolished RNA synthesis (R. W. Siegel,
. Bellon, L. Beigelman, and C. C. Kao, submitted for
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6 RAPID COMMUNICATIONublication). Furthermore, the identities of the 12 nt
nd the additional 59 sequences appear to modulate
he efficiency of RNA synthesis (R. W. Siegel, L. Bellon,
. Beigelman, and C. C. Kao, submitted for publication)
12). In contrast, the BVDV NS5B protein prefers the
9-most nt for initiation as opposed to the penultimate
t. It also does not seem to be affected by the identity
f the 12 nt or, apparently, by the upstream se-
uences, as indicated by the efficient RNA synthesis
rom RNA 3-init that was altered in the spacing be-
ween the template initiation nt and the normal 59
equences. Whether these discrepancies should be
ttributed to differences in viral species or to a differ-
nce between a polymerase complex and a recombi-
ant protein awaits further characterizations. It is
ikely that the complex of viral and cellular proteins in
he BVDV replicase is required for the specific recog-
ition of BVDV RNA promoters, whereas the recombi-
ant NS5B protein is sufficient for the recognition of
he initiation site.
Establishing the conditions for de novo RNA synthesis
y a recombinant RdRp will facilitate future experiments
o examine the requirements for the initiation of RNA
ynthesis. These results could also permit identification
f the amino acid residues in NS5B that are responsible
or activities such as binding of the initiation GTP, the
econd nt, and the template RNA. In addition, this system
ay be useful for a mechanistic study of RNA recombi-
ation. In several of the reactions, higher-molecular-
eight products were observed (e.g., Fig. 1C, lanes 5
nd 6). These products are likely due to NS5B using the
ascent RNA as a template for additional rounds of
ynthesis. If true, this represents a template-switch event
hat is the basis for RNA recombination (see reviews (14,
5)). Indeed, many naturally occurring isolates of BVDV
ontain genomic sequence deletions or insertions de-
ived from either viral RNA or host mRNAs. These are all
elieved to arise from RNA recombination events (see
xamples (16–18)). Finally, because BVDV is closely re-
ated to the medically hepatitis C virus, the results re-
orted here may be applicable to HCV NS5B.
dRp activity assay and product analysis
BVDV NS5B was prepared from recombinant baculo-
irus-infected Sf9 cells as described previously (7). RNAs
ere chemically synthesized by Oligos Etc (Wilsonville,
R), and DNAs were synthesized by Operon Inc. (Ala-
eda, CA). Each RNA or DNA was purified by high
erformance liquid chromatography, and the amount of
urified nucleic acid was determined by gel electro-
horesis, toluidine blue staining, and spectrophotometry.
tandard assays consisted of 5 pmol of template (unless
tated otherwise) with 20 ng of NS5B in a 40-ml reaction
ontaining 20 mM sodium glutamate (pH 8.2), 4 mM
gCl2, 12.5 mM dithiothreitol, 0.5% (v/v) Triton X-100, 1
M MnCl2, 200 mM ATP and UTP, 500 mM GTP, and 250M [a- P]CTP (Amersham). Manganese is used to in-
rease the level of RNA synthesis. De novo initiation
oes occur from (2)21g in the absence of Mn21 (C. C.
ao, data not shown). Reactions were incubated at 25°C
or 60 min and stopped by phenol–chloroform extraction,
ollowed by ethanol precipitation in the presence of 5 mg
f glycogen and 0.4 M ammonium acetate. Products
ere separated by electrophoresis on 20% denaturing (8
urea) polyacrylamide gels. Gels were wrapped in
lastic and exposed to film at 280°C. Product bands
ere quantified using a PhosphorImager (Molecular Dy-
amics), and values were compared with the amount of
roduct generated from the wildtype template (2)21g to
erive the relative percent activity of mutant templates.
ll values represent the mean of at least three indepen-
ent experiments.
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